We conducted this study to examine the effects of exogenous and locally synthesized angiotensin II (Ang II) on cultured bovine glomerulosa cell functions (i.e., aldosterone secretion and cell proliferation measured by [ 3 H]thymidine incorporation into the deoxyribonucleic acids (DNA) after the arresting cell growth). The effects of Ang II were found to depend on the culture conditions. After 72 hours of serum-free culture, the differentiated function of cultured cells such as Ang II-induced aldosterone secretion was suppressed, and DNA synthesis was stimulated by Ang II. After 24 hours of serum-free culture, the cells showed a good steroidogenic response and DNA synthesis was inhibited after Ang II was added in a concentration-dependent manner (10"" to 10" 7 M). Ang II was detected in 24 hours of culture grown in a serum-free medium by a specific Ang II radioimmunoassay. Ion-exchange high-performance liquid chromatography indicated that this immunoreactive (ir) Ang II was composed mainly of Ang II with small amounts of angiotensin i n (Ang III). The concentration of irAng II in the cultured medium was significantly reduced by the addition of captopril, indicating de novo generation and secretion of Ang II. Captopril (10~5 to 10~3 M) reduced aldosterone secretion and reciprocally increased DNA synthesis. Ang II antagonist, [Sar^De^Ang II, increased DNA synthesis presumably by competitive blockade of locally synthesized Ang II. In summary, Ang II inhibited cell proliferation. In addition to exogenous (circulating) Ang II, Ang II was generated and secreted by the glomerulosa cells themselves, and this locally synthesized Ang II appeared to work as an autocrine factor to stimulate aldosterone secretion and to suppress cell proliferation. {Hypertension 1990; 15:190-197) 
R ecently, the renin-angiotensin system has been demonstrated in tissues (namely, kidney, adrenal gland, gonadal organ, brain, and arterial wall). Many studies have been conducted to explore the physiological and pathophysiological roles and the regulatory control mechanisms of this system. 1 -2 Adrenal zona glomerulosa cells are wellknown targets for circulating angiotensin II (Ang II) and have been reported to contain renin-messenger I]Ang II was found to be internalized by glomerulosa cells. 9 Husain et al 10 reported that the majority of Ang II immunoreactivity in the adrenal capsule-glomerulosa cell region is derived from receptor-mediated sequestration of circulating Ang II by its receptor. In this study, we investigated whether glomerulosa cells actually generate and secrete Ang II and evaluated the role of this locally synthesized Ang II. We used an in vitro system that consisted of a primary culture of bovine glomerulosa cells and examined the effects of endogenous and exogenous Ang II on two basic cell functions (namely, aldosterone secretion and cell proliferation). We also report on the antimitogenic effect of Ang II, remarkable because Ang II had previously been reported to stimulate adrenal cortical cell growth in vitro. 1112 Our findings strongly suggest the hypothesis that Ang II has a mitogenic activity in vitro and that high circulating levels of Ang II may cause glomerulosa hyperplasia in vivo be reevaluated.
Methods

Primary Culture of Bovine Glomerulosa Cells and Reagents
Bovine adrenal glands were obtained from a local abattoir. Glomerulosa cells were prepared and cultured as described elsewhere. 13 Briefly, outer cortical cells 0.3 mm thick from the capsule were removed using a tissue slicer (Natsume Kogyo Co., Ltd., Tokyo, Japan). Judged by light microscopic examinations, these outer slices were mainly composed of zona glomerulosa cells. They were minced and the fragments treated with Dispase (Mikuni Kagaku Co., Ltd., Tokyo, Japan) (1,500 units/ml) at 20° C for 20 minutes. The cells were filtrated through a No. 100 nylon mesh, washed two times with Hanks' solution, and resuspended in 10% (vol/vol) fetal calf serum (FCS) supplemented with Ham's F-10 medium. To culture cells, 24 multiwell dishes (A/S Nunc, Roskilde, Denmark) were used in a humidified 5% CO 2 and 95% air atmosphere (37° C). Twenty-four hours after plating, cells were cultured for 24 hours (unless otherwise stated) in serum-free Ham's F-10 medium containing 0.1% (wt/vol) bovine serum albumin. This treatment was conducted to synchronize cells at the G x phase. The reagent was then added with fresh serum-free medium to examine its effect on DNA synthesis or aldosterone secretion. When both DNA synthesis and aldosterone secretion were examined simultaneously, paired culture dishes were prepared. Synthetic Ang II (Hypertensin) was kindly provided by CIBA-GEIGY Ltd., Basel, Switzerland. Synthetic angiotensin I (Ang I) was obtained from the Protein Institute, Osaka, Japan. An Ang II analogue, [Sar'Jle^Ang II, was kindly provided by Daiichi Pharmaceutical Co., Ltd., Tokyo, Japan. The ACE inhibitor captopril was kindly supplied by Sankyo Co., Ltd., Tokyo, Japan.
Measurement of Cell Proliferation
The DNA synthesis of cultured glomerulosa cells was calculated by [ 3 H]thymidine incorporation rates into the DNA. Twelve hours after the addition of the reagent, [methyl-l',2'-3 H]thymidine (101 Ci/mmol) purchased from New England Nuclear (Boston, Massachusetts) was added to give a final concentration of 1 ^iCi/ml. The cells were washed twice with cold Hanks' solution 12 hours later and incubated with 10% trichloroacetic acid (TCA) for 15 minutes at 4° C. After subsequent washes with cold 10% TCA and ethanol-ether (3:1), precipitates were dissolved by adding 0.5 ml of IN NaOH. The solution was neutralized with IN HC1, placed in a scintillation vial with 5 ml of aqueous scintillant (ACSII, Amersham Corp., Arlington Heights, Illinois), and counted using a scintillation counter.
Measurement of Aldosterone Secretion
Twenty-four hours after the addition of the reagent, the media were collected and centrifuged (unless otherwise stated). The supernatant was kept at -20° C to determine the aldosterone content. Aldosterone was measured by a specific radioimmunoassay (RIA) using d-[l, 2- 3 H]aldosterone (52.3 Ci/ mmol) purchased from New England Nuclear as a tracer, d-aldosterone (Sigma Chemical Co., St. Louis, Missouri) as a standard, and anti-aldosterone antiserum provided by the National Hormone and Pituitary Program (Baltimore, Maryland) through the courtesy of Dr. Salvatore Raiti.
Radioimmunoassay and High-Performance Liquid Chromatography Fractionation of Angiotensins
To eliminate the contamination of angiotensins from FCS, cells were incubated for 24 hours in a serum-free medium and washed using the same medium. The cells were then cultured for 24 hours in a serum-free medium (cell density, 10 5 /cm 2 , 4x107 ml). Angiotensin I (Ang I) and Ang II in cultured media were measured by highly specific RIAs as described elsewhere.
14 The anti-Ang I antiserum had less than 0.02% cross-reactivity with Ang II and angiotensin III (Ang III). The anti-Ang II antiserum had 5.7% with Ang I and 100% cross-reactivity with Ang HI. The cultured media were analyzed by ionexchange high-performance liquid chromatography (HPLC) using a Spectraphysics Model SP8000 System (San Jose, California). The column (30x0.4 cm; IEX-530 CMK, Bio-Rad Lab., Richmond, California) was maintained at ambient temperature (23-24° C). The flow rate was 1.0 ml/min, pressure 400 psi. Samples were eluted on a linear gradient of 0.135-0.5 M NaCl in 30 mM phosphate buffer, pH 6.5, over 10 minutes. The effluents were measured by Ang I and Ang II RIAs.
Statistics
Results are shown as mean±SEM. Statistically significant differences were assessed by Student's t test and Duncan's new multiple range test.
Results
Studies of Basal Conditions of Cultured Glomerulosa Cells
In vitro glomerulosa cell cycle was examined. After 24 hours of serum-free culture, FCS was added as a mitogen at a final concentration of 2%, followed by [ Figure 2 ). Accordingly as cell density increased, DNA synthesis was seen to decrease, whereas aldosterone secretion increased. The experiments below were performed at a cell density of 5.0 x 107cm 2 .
Effects of Exogenous Angiotensins and Angiotensin II Antagonist
Ang II was added at concentrations ranging from 10"" to 10" 7 M (Figure 3 ). Aldosterone secretion increased in a concentration-dependent manner, indicating that the cells maintained their differentiated functions. However, [ 3 H]thymidine uptake was reduced in a concentration-dependent manner. This antimitogenic effect of Ang II (10"' M) was found at M Ang I (p<0.05 vs. the control group), and 3,212±16 in 10" 6 M Ang I (p<0.05 vs. the control group) (H=4 in each group). To clarify how much Ang II was generated from exogenous Ang I added to the medium, the medium was recovered after 2 hours of incubation with 10~6 M Ang I and was fractionated by ion-exchange HPLC. Immunoreactive (ir) Ang I and irAng II were then measured ( Figure 6 ). The (Figure 7 ). The effect of Ang II after 72 hours of serum-free culture was then examined (Figure 8 ). The cells still contained significant amounts of lipid droplets even after 72 hours of serum-free culture, indicating that there was sufficient material for steroid synthesis. However, compared with the findings obtained after 24 hours of serum-free culture (Figure 3) , the aldosterone secretion was very low and showed no significant response to Ang II during 24 hours of incubation. We further examined the effect of Ang II on steroid secretion in shorter incubation (2 hours). Ang II could stimulate aldosterone secretion significantly over that of the control group, but basal and Ang II-stimulated aldosterone levels (ng/well) were very low, namely, 0.15+0.01 in the control group, 0.20±0.01 in 10" [15] [16] [17] [18] [19] [20] (Figure 8 ).
H]Thymidine uptake was examined in serum-free medium for 2 hours of incubation (see text for details). Aldosterone was measured after 24 hours of incubation with 1 nM of angiotensin II (n=4).
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FIGURE 6. Line graph showing degradation of exogenous angiotensin I (Ang I) after 2 hours of incubation. After 24 hours of serum-free culture, 10~* M Ang I was added and incubated for 2 hours. Conditioned medium (0.1 ml) was fractionated by high-performance liquid chromatography with an ion-exchange column. Immunoreactive (ir) Ang I (Ang I) and immunoreactive angiotensin II (Ang II) in effluents were measured. Elution points of authentic angiotensins were shown. Amount ofirAng I eluted at the point of authentic Ang I (fractions
Secretion of Angiotensins Into the Cultured Medium
As shown in Table 2 , irAng I and irAng II were detected in the cultured medium after 24 hours of incubation. Treatment with captopril (10~3 M) significantly reduced irAng II, but not irAng I, concentrations. To verify that irAng II was an authentic Ang II, the culture medium was fractionated by ion-exchange HPLC. IrAng II was eluted at positions corresponding to authentic Ang II and Ang III (Figure 9 ). The anti-Ang II antiserum we used had 5.7% crossreactivity with Ang I and 100% cross-reactivity with Ang III. This strongly suggests that the irAng II in the medium was an authentic Ang II with small amounts of Ang III.
Effects of Locally Synthesized Ang II
Because captopril was found to reduce secretion of Ang II from the cultured glomerulosa cells, it seems likely that the effect of captopril both on aldosterone secretion and cell growth was mediated through the blocking of local Ang II generation. Captopril reduced aldosterone secretion in the serum-free medium (Figure 10 ) and increased [ results, an outcome that appears to be because of different experimental conditions. Gill et al 11 examined the effect of Ang II on [ 3 H]thymidine uptake after 72 hours serum-free culture, results which could be mimicked under these conditions. We found, however, that the differentiated function, steroid secretion, was suppressed under this condition. This disturbance in Ang II-induced steroidogenesis was not attributable to insufficient material for steroid biosynthesis (see Results), but the dedifferentiation of the cells. Although the mechanisms of Ang IIinduced trophic effects are not completely clear, initial Ang II action is thought to be exerted through the receptor-mediated hydrolysis of inositol phospholipids resulting in increased cytosolic Ca 2+ concentration and activation of protein kinase C.
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These initial events produce mutual interactions.
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For example, 12-O-tetradecanoylphorbol 13-acetate (TPA) may even cause the opposite effect, depending on conditions. 19 It is conceivable, therefore, that the 24 hours or 72 hours of serum-free culture each cause distinct post-receptor signal pathways contributing to the different outcomes. Simonian and Gill 12 reported that, of five cloned adrenocortical cells, Ang II inhibited the DNA synthesis stimulated by fibroblast growth factor (FGF) in the three clones but not in two of them. Because FGF was reported to be present in the bovine adrenal gland, 20 it appears to work as an autocrine mitogen. Thus, another possi- bility is that Ang II suppressed DNA synthesis stimulated by locally synthesized FGF after 24 hours of serum-free culture, but the FGF was not released after 72 hours of serum-free culture. Further studies are needed to clarify such discrepancies as that observed between 24 hours and 72 hours of culture.
Our findings indicate that Ang II stimulates glomerulosa cells as an antimitogenic factor and an aldosterone secretagogue in vitro. Adrenocorticotropic hormone (ACTH) also stimulates glomerulosa cells to secrete aldosterone and to inhibit cell growth in vitro. 21 - 22 Such inverse effects were observed in other epithelial cells. For example, follicular stimulating hormone (FSH) decreased cell proliferation and increased progesterone secretion in primary cultures of bovine granulosa cells. 23 Further examples are apparent in primary cultures of rat hepatocytes 24 and mouse mammary epithelial cells. 25 All of these studies clearly demonstrate that cell proliferation is suppressed when differentiated functions are stimulated. By analogy with the above reports, the antimitogenic effect of Ang II in the primary culture of glomerulosa cells appears to be a reasonable finding. Research concerning the in vivo effect of Ang II on glomerulosa cell proliferation has been conducted by others, even though chronic effects were studied. Marx et al 26 reported that Ang II increased adrenal weights and the width of zona glomerulosa of rats at doses ranging from 0.05 to 0.4 mg for 2 and 4 weeks. A sodium-deficient diet, which produces a high circulating level of Ang II, was reported to cause adrenal hypertrophy and an increase in mitosis of glomerulosa cells. 2728 To resolve the discrepancy between in vitro and in vivo effects of Ang II on glomerulosa cell growth requires further studies. The acute in vivo effect of Ang II and interactions between Ang II and other factors in particular must be clarified. Nevertheless, the concept that Ang II directly stimulates glomerulosa cell growth should be revised.
The presence of angiotensinogen-mRNA, 29 reninmRNA, 3 and ACE 4 -6 in the adrenal cortex has been demonstrated. This tissue renin-angiotensin system may be regulated independently from the circulating system with important functional implications. 30 However, only a few reports showed direct evidence that Ang II is generated in the adrenals. 31 The Ang II detected in the adrenal cortex has been reported to be derived mainly from circulation. 10 Therefore, we measured the irAng II concentration in the culture medium after eliminating serum insofar as possible (see Methods) and observed significant amounts of irAng I and irAng II; the latter was confirmed to be composed of Ang II with smaller amounts of Ang III by ion-exchange HPLC. These results strongly suggest that glomerulosa cells secrete angiotensins into the culture medium. Furthermore, the secretion of Ang II was reduced by the addition of captopril, confirming de novo generation of Ang II in glomerulosa cells. We observed that irAng I in the culture medium was not increased by treatment with captopril. Similar results, namely, decreased Ang II content and no change in Ang I content by captopril treatment, were also observed in cultured endothelial cells from the rabbit aorta. 5 This was explained by the degradation of Ang I into smaller peptides by angiotensinases.
Our findings strongly suggest that cultured cells generate and secrete Ang II, so the role of locally synthesized Ang II could be examined indirectly by using Ang II antagonist or captopril. Ang II antagonist could inhibit the effect of exogenous Ang II, and must inhibit the effect of locally secreted Ang II. ]thymidine uptake by captopril treatment was completely eliminated by the addition of exogenous Ang II, the effect of captopril was explained by the suppression of locally synthesized Ang II. Judging from experimental findings using Ang II antagonist and captopril, it was strongly apparent that locally synthesized Ang II exhibits a similar effect to that of exogenous Ang II. Therefore, locally synthesized Ang II may work to compensate for the decrease in the circulating Ang II levels (e.g., after nephrectomy 32 ) or play an independent, tissuespecific role regarding the adrenal glands.
We conclude that, in the primary culture of bovine glomerulosa cells, Ang II stimulates aldosterone secretion and reciprocally suppresses cell proliferation and that glomerulosa cells can generate Ang II, which works as an autocrine factor.
